The establishment of the dorsal -ventral axis of the Drosophila wing depends on the activity of the LIM-homeodomain protein Apterous. Apterous activity depends on the formation of a higher order complex with its cofactor Chip to induce the expression of its target genes. Apterous activity levels are modulated during development by dLMO. Expression of dLMO in the Drosophila wing is regulated by two distinct Chip dependent mechanisms. Early in development, Chip bridges two molecules of Apterous to induce expression of dLMO in the dorsal compartment. Later in development, Chip, independently of Apterous, is required for expression of dLMO in the wing pouch. We have conducted a modular P-element based EP (enhancer/promoter) misexpression screen to look for genes involved in Apterous activity. We have found Osa, a member of the Brahma chromatin-remodeling complex, as a positive modulator of Apterous activity in the Drosophila wing. Osa mediates activation of some Apterous target genes and repression of others, including dLMO. Osa has been shown to bind Chip. We propose that Chip recruits Osa to the Apterous target genes, thus mediating activation or repression of their expression. q
Introduction
A number of large protein complexes have been implicated in remodeling chromatin to promote transcription factor access. In Drosophila, the Polycomb group of genes maintains repression of homeotic genes like Ultrabithorax, probably by forming a repressive chromatin structure. The trithorax group of genes acts as positive regulatory factors required to maintain homeotic gene expression. Many members of the trithorax group of genes have been identified by their ability to suppress dominant Polycomb phenotypes (Kennison and Tamkun, 1988) . The trithorax group gene osa encodes a large protein with an AT-rich interaction domain. Osa is a component of a subset of Brahma (Brm) chromatin complexes, the Drosophila homologues of the SWI/SNF complexes in yeast. The SWI/SNF complex catalyze an ATP-dependent reaction that alters the nucleosomal DNA, making it more accessible to transcription-factor binding (Becker and Hoerz, 2002; Martens and Winston, 2003) . In Drosophila, Osa and Brm complexes have been shown to regulate the expression of a wide variety of genes including the segmentation gene even-skipped and the homeotic gene Antennapedia (Treisman et al., 1997; Vazquez et al., 1999) . Whereas chromatin remodeling by these complexes is generally thought to promote transcription of target genes, they are also required for the direct repression of a subset of genes (Holstege et al., 1998; Moreira and Holmberg, 1999; Sudarsanam et al., 2000; Trouche et al., 1997) . Osa and Brm are required for the repression of Wingless target genes and the proneural genes achaete and scute (Collins et al., 1999; Heitzler et al., 2003) .
The Drosophila wing imaginal disc is subdivided into a dorsal (D) and a ventral (V) compartment by the restricted expression and activity of the selector gene apterous in dorsal cells. apterous (ap) encodes a LIM-homeodomain transcription factor (Cohen et al., 1992) . Ap activity depends on formation of a higher order complex, in which two molecules of Ap are bridged by a dimer of its cofactor, the LIM-domain binding protein dLDB/Chip (Fernandez-Funez et al., 1998; Milan and Cohen, 1999; O'Keefe et al., 1998) . The level of Ap activity is regulated during wing development by expression of another LIM-domain protein, dLMO (Milan et al., 1998; Shoresch et al., 1998; Zeng et al., 1998; Milan and Cohen, 2000) . dLMO competes with Ap for binding to its cofactor CHIP/dLDB. dLMO is a target gene of Apterous at early stages of wing development. Later on, Apterous independent expression of dLMO in the wing pouch raises dLMO protein levels. Apterous activity is then compromised and the level of expression of its target genes is reduced. Late expression of dLMO depends on Chip activity (Milan and Cohen, 2000) .
We have conducted a modular P-element based EP (enhancer/promoter) misexpression screen to look for genes involved in Apterous activity. We have found Osa as a positive regulator of Apterous activity in the Drosophila wing. It does so by mediating activation of some Apterous target genes and repression of others, including its repressor dLMO.
Results and discussion
2.1. Suppression screen in a Beadex 1 background
Beadex alleles are dominant gain of function mutations of the dLMO gene (Milan et al., 1998; Shoresch et al., 1998; Zeng et al., 1998) . Excess in dLMO reduces Ap activity and adult wings show scalloping of the wing margin (Fig. 1E) . Consistent with the fact that Beadex mutants reduce Apterous function, the severity of the weak Beadex 1 phenotype can be enhanced by simultaneously removing one copy of the apterous gene (in flies of genotype Beadex 1 /Y; apterous Gal4 / þ ; Fig. 1A ). The restricted expression of Gal4 in D cells is In Beadex 1 wing discs, expression of Apterous target genes is reduced (e.g. fringe. Serrate; Milan et al., 1998) . Overexpression of fringe or Serrate rescues the Beadex 1 phenotype (Fig. 1C,D) . The severity of the Beadex 1 phenotype can be enhanced by simultaneously removing one copy of either of these genes ( Fig. 1G,H) . Thus, this sensitized genetic background may be suitable for a systematic over-expression screen for modulators of Apterous activity or downstream target genes involved in DV boundary formation.
We conducted a modular P-element based EP (enhancer/ promoter) misexpression screen to look for genes able to rescue the Beadex 1 phenotype when overexpressed in D cells (Rorth et al., 1998) . 4200 EP lines inserted in the second and third chromosomes were crossed into the Beadex 1 background in the presence of the apterous Gal4 driver and the wing phenotype was scored. Complete rescue of the Beadex 1 mutant phenotype was observed in 0.5% of the 4200 lines screened, a number comparable to other misexpression screens (Huang and Rubin, 2000; Kraut et al., 2001; Pena-Rangel et al., 2002; Rorth et al., 1998) . Some other phenotypes accompanying the rescued Beadex 1 mutant phenotype are loss of bristles in the notum, and size changes of the D compartment. To characterize the genes identified from the screened EP lines, flanking DNA was isolated by plasmid rescue and the genomic region immediately downstream of the EP element promoter was sequenced in order to evaluate which genes were likely to be transcribed from the EP element. Interestingly, five independently isolated EP lines inserted in the fringe gene were found as complete suppressors of the Beadex 1 phenotype (not shown), proving that the screen can find genes involved in Apterous activity and DV boundary formation.
Overexpression of osa suppresses the Beadex 1 phenotype
Among the EP lines able to completely rescue the Beadex 1 phenotype, we found seven independently isolated EP lines inserted in the osa gene ( Fig. 2A,B) . All EP lines were inserted in the first intron or first exon (the ORF starts in the second exon). A transgene expressing Osa is also able to rescue the Beadex 1 phenotype (in Beadex 1 /Y; apterous Gal4 /UAS-Osa flies). The fact that overexpression of osa is able to rescue the Beadex 1 phenotype suggests osa /þ third instar wing imaginal disc labeled to visualize Gal4 protein (red) and Delta (green). Delta is expressed at both sides of the DV boundary and along the longitudinal veins. (E) ap gal4 /uas-osa third instar wing imaginal disc labeled to visualize Gal4 protein (red) and Delta (green). Delta is expressed along the ventral side of the DV boundary and along the longitudinal veins in the V compartment, but not in dorsal cells.
behaves as a positive regulator of Apterous activity in the Drosophila wing.
In second instar wing discs, Apterous induces expression of Serrate and Fringe in D cells and restricts the expression of Delta to ventral cells ( Fig. 3A; de Celis et al., 1996; Diaz-Benjumea and Cohen, 1995; Doherty et al., 1996; Milan and Cohen, 2000) . dLMO, a target of Apterous at this time, is expressed at low levels in the dorsal compartment ( Fig. 6C ; Milan et al., 1998) . In third instar discs, a secondary expression pattern of dLMO in the wing pouch raises dLMO protein levels (Fig. 6C) . Apterous activity is then compromised, Serrate expression is restricted to the DV boundary and longitudinal wing veins and Delta starts to be expressed in D cells in a similar pattern to Serrate (Fig.  3A,B,D) . Fringe starts to be expressed in D and V cells in an Apterous independent manner ( Fig. 4A ; Milan and Cohen, 2000) . When osa is overexpressed in the dorsal compartment of late third instar wing discs (in apterous Gal4 /UASOsa wing discs), the early expression patterns of Serrate and Delta are maintained. Serrate is expressed at high levels in the dorsal wing pouch and Delta expression is reduced in the dorsal compartment (Fig. 3C,E) , thus phenocopying an Apterous gain of function phenotype Cohen, 1999, 2000) . However, both Ap dependent and independent expression patterns of fringe are downregulated, suggesting Osa may be mediating a direct repression on fringe gene expression (Fig. 4B) . These results indicate that although Osa behaves overall as a general activator of Apterous activity, it has different effects on the expression of its target genes. The capability of Osa to rescue the Beadex 1 phenotype may be then due to the effects on the expression levels of Serrate, Delta and other unknown target genes of Apterous.
Osa is not absolutely required for Apterous activity
Deficiencies that include osa or brahma were found in a genetic screen for dominant enhancers of sensitized backgrounds where Ap activity was compromised . Beadex 1 /þ flies show a mild scalloping phenotype in the posterior compartment (Fig. 1E) . The second sensitized genotype was provided by a mutant with reduced expression of the Ap cofactor Chip. Df(3R)DG2, a deletion that removes the osa gene, and Df(3L)brm11, a deletion that removes the brahma gene, each enhanced the Bx 1 and Chip e5.5 phenotypes (not shown; Milan et al., 2001 ). Interestingly, single mutants of osa or brahma enhanced both phenotypes (Fig. 2C,D, and not shown). Osa is known to bind Chip and regulate expression of genes in Drosophila (Heitzler et al., 2003) . Chip bridges two molecules of Apterous to induce expression of Apterous target genes early in development, thus localizing the Notch and Wg dependent organizer along the DV boundary. We then wondered if Osa and the Brahma complex are absolutely required for Apterous activity in the wing. Mutant clones for apterous or its cofactor Chip induce ectopic expression of Wingless and outgrowths of the surrounding tissue when located in the D compartment (Diaz-Benjumea and Cohen, 1993; Fernandez-Funez et al., 1998; Milan and Cohen, 2000) . The vast majority of clones of cells mutant for osa do not induce ectopic Wingless expression (Fig. 5B) . Only some dorsal clones located close to the DV boundary are able to induce some ectopic Wingless expression without an evident non-autonomous outgrowth (Fig. 5C, arrow) . Clones of cells mutant for brm are cell lethal in our hands as reported previously (Elfring et al., 1998) . These results indicate Osa is not absolutely required for Ap activity.
Osa mediates repression of the Chip dependent expression of dLMO
The fact that overexpression of Osa rescues and loss of Osa enhances the Beadex 1 phenotype suggests Osa behaves as a general activator of Apterous activity. Apterous activity can be increased either by improving the activity of the Apterous-Chip complex or by reducing the activity or expression of its repressor dLMO. dLMO is an early target gene of Apterous (Milan et al., 1998; Fig. 6C) . Clones mutant for Chip lack expression of dLMO in the D compartment ( Fig. 6B and not shown) . Interestingly, some osa mutant clones located in the notum expressed higher levels of dLMO (Fig. 5A, arrows) . Expression in the dorsal hinge was not affected (Fig. 5A, arrowheads) . Later in development, dLMO is expressed in D and V cells of the wing pouch. This expression is Apterous independent but Chip dependent. Thus, in a mutant background where Ap activity is lost but the growth of the wing pouch is restored, dLMO is still expressed (in ap gal4 /ap ugo35 ; uas-fng third instar wing imaginal discs; Fig. 6A ). Clones mutant for Chip lack expression of dLMO in D and V cells of the wing pouch (Fig. 6B) . Interestingly, all osa clones in the wing pouch expressed higher levels of dLMO (Fig. 5B) . These results indicate that Osa is required to limit Chip dependent expression of dLMO. In this direction, it is interesting to note that the strong dLMO loss of function phenotype of hdp R590 /Y flies (Fig. 2G) is slightly reduced by loss of one copy of Osa (Fig. 2H) . Overexpression of Osa is not able to reduce dLMO expression levels (Fig. 5D) , suggesting the level of Osa mediated dLMO repression is already saturated in wild type wing cells. However, overexpression of Osa is able to slightly enhance the weak dLMO loss of function phenotype of MS1096/Y flies (Fig. 2E,F) .
Concluding remarks
We have presented evidence that Osa, a member of a subset of Brahma chromatin remodeling complexes, behaves overall as a general activator of Apterous activity in the Drosophila wing. Overexpression of Osa rescues and loss of Osa enhances the Beadex 1 phenotype. It does so by modulating the expression levels of Apterous target genes, some of them being activated (e.g. Serrate and probably other unknown target genes) and some repressed (e.g. Delta, fringe). Chip has been shown to bind Osa (Heitzler et al., 2003) . The fact that Osa has different effects on the transcription of Apterous target genes suggests that Chip recruits Osa to the promoters and in combination with other unknown factors mediates either transcriptional repression or activation. Osa mediates repression of both Apterous dependent and independent expression of fringe, suggesting a direct and probably Chip independent effect of Osa on fringe transcription.
Apterous activity is regulated during development by dLMO. Osa is required to mediate repression of dLMO expression (Fig. 5C ). Since both early and late expression of dLMO depend on Chip, we postulate that Chip forms a transcriptional complex with Apterous in the D compartment and an unknown transcription factor expressed in the wing pouch. Osa may interact with Chip thus recruiting the Brahma complex to the dLMO locus and remodeling chromatin in a way that limits dLMO transcriptional activation. High levels of dLMO protein reduce Apterous activity and the Notch dependent organizer is not properly induced along the DV boundary. Osa mediated repression of dLMO expression may ensure moderate levels of expression of dLMO in the wing, thus allowing proper wing development. Gain of function mutations that cause misexpression of vertebrate LMO proteins have been implicated in cancers of the lymphoid system (Boehm et al., 1991; McGuire et al., 1989) . Truncating mutations in the human SWI-SNF complex, the human homologues of the Brahma complex, cause various types of human cancers (Sevenet et al., 1999; Klochendler-Yeivin et al., 2002) . The SWI-SNF complex may be required to mediate repression of LMO expression in lymphoid tissues. Thus, it would be very interesting to analyze if truncating mutations in members of the human SWI-SNF complex cause higher levels of LMO expression and are associated to lymphoid malignancies.
It has been recently shown that the Brahma complex plays a general role in transcription by RNA Polymerase II (Armstrong et al., 2002) . Is then Osa having a general effect on the expression levels of every gene involved in wing patterning? Several observations indicate this is not the case. First, Osa is a component of a subset of Brahma (Brm) chromatin complexes. Second, Brahma and Polycomb were shown to have non-overlapping binding patterns in polytenic chromosomes (Armstrong et al., 2002) . Those genes involved in wing patterning and regulated by Polycomb (i.e. Hedgehog; Maurange and Paro, 2002) may not be affected by overexpression of Osa. Third, overexpression of Osa has different effects on the expression levels of Serrate, Delta and fringe (Figs. 3,4) . Fourth, Osa has been shown to specifically regulate the expression of Wingless target genes and the Achaete-scute complex genes, interestingly by restricting their expression levels.
Experimental procedures

Drosophila strains and antibodies
Fly strains: Bx 1 , uas-Ap, hdp MS1096 , hdp R590 , fng
P2109
( fng-lacZ in the text) (Milan et al., 1998; Milan and Cohen, 2000) ; ap Gal4 (Calleja et al., 1996) ; ap ugo35 (Cohen et al., 1992) ; uas-Fng, fng 80 (Irvine and Wieschaus, 1994) ; Ser RX82 and uas-Ser (Speicher et al., 1994) ; osa eld308 , brm T362 and uas-osa (Collins and Treisman, 2000) ; ptc-gal4 (Flybase).
Antibodies. Guinea-pig anti-Ap, rat-anti-Ser, rat antidLMO . Other antibodies are commercially available.
Genotypes of larvae used for genetic mosaic analysis:
hs-FLP (I); FRT82 osa eld308 /FRT82 arm-lacZ M(þ ) hs-FLP (I); brm T362 FRT80 /arm-lacZ FRT80 Clones were induced in late second or early third instar larvae by heat-shock at 37 8C during one hour. Wing discs were dissected from wandering larvae.
